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Fast Proton Spectroscopic Imaging of Human Brain

Using Multiple Spin-Echoes

o

Jeff H. Duyn, Chrit T. W. Moonen

We Introduce a multi-echo multi-slice MR proton spectro-
scopic imaging method, which allows for a dramatic reduction
of the measurement time by acquiring multiple spin-echoes
within a single repetition time. In the multi-echo multi-slice
experiment discussed in this paper, a threefold reduction in
measurement time is obtained by sacrificing some spectral
resolution. Signal-to-noise ratio and spatial resolution are pre-
served. Metabolite images of N-acetyl aspartate, and total cho-
line + total creatine from multiple slices through the human
brain are presented and compared with images obtained with
a conventional single-echo multi-slice method.

Key words: proton spectroscopic imaging; brain, MR; fast MR
imaging.

INTRODUCTION

In recent years, significant advances have been made in
proton spectroscopic imaging (HSI) techniques and their
application to the mapping of metabolite levels in human
brain (1-16). HSI studies proved successful in showing
locally changed levels of metabolites in various patholo-
gies including chronic and acute brain infarction (8, 9),
multiple sclerosis (10, 11), epilepsy (12), brain tumors
(13-15), and acquired immunodeficiency syndrome (186).

Most HSI techniques use gradient phase encoding to
obtain spectra from one-, two- (1-3, 6—12), or even three-
dimensional (4, 5) arrays of voxels simultaneously. This
is at the cost of only a slight reduction in the signal-
to-noise ratio (SNR) (17) per unit volume and unit time,
as compared with single voxel methods. Although three-
dimensional (3D) HSI allows mapping of a large brain
volume, the vast number of phase encoding steps makes
its duration prohibitive for most clinical applications.
Recently, as an alternative, multi-slice 2D HSI techniques
were introduced (6, 7), reducing the total measurement
time as compared with the 3D experiment while preserv-
ing the ability to obtain metabolic information simulta-
neously from multiple slices.

Most clinical HSI studies sample a spin-echo signal at
long echo times (TE 136—272 ms), at which the unwanted
resonances of lipid and water are attenuated significantly
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due te-T, decay. For the metabolités of interest (NAA,
choline, creatine, and lactate}, signal decay due to intra-
voxel susceptibility effects is generally significantly
larger than that due to T, relaxation effects (T," << T,)
In these cases, the data collection efficiency can be in-
creased by acquiring multiple spin-echoes (18-21). The
increased efficiency could then be applied to increasing
SNR or to reduce the measurement time. Here, we show

that the latter application can be realized on a conven- °

tional whole-body scanner.

METHODS

Measurements were performed on a normal volunteer
using a conventional 1.5T GE/SIGNA whole-body scan-
ner (GE Medical Systems, Milwaukee) with 10 mT/m
actively shielded gradients and a standard quadrature
head coil. The pulse sequence of the multi-spin-echo
experiment was based on the single spin-echo multi-slice
experiment described by Duyn et al. (6). The multi-spin-
echo sequence consisted (Figs. 1a and 1b) of three parts:
a chemical shift selective saturation (CHESS) sequence
for water suppression, multiple-slice outer volume sup-
pression (OVS), and a multi spin-echo SIsequence. The
CHESS sequence (Fig. 1a) was identical to that used in
the single-echo method. The OVS sequence (Fig. 1b) was
a shortened version of the sequence described previously
(6), and a delay of 6 ms was added to minimize the effects
of eddy currents (see Discussion). The multi spin-echo
sequence (Fig. 1a) acquired four spin-echoes at equidis-
tant intervals of 148 ms. The first echo was positioned at
200 ms to reduce lipid contamination. This was done by
using an additional 180° RF pulse. Thus, one slice selec-
tive 90° and five slice selective 180° RF pulses were used.
The bandwidth of the pulses was 2 kHz. The 180° pulses
selected a 10% thicker slice than the 90° RF, resulting in
an improved slice profile. The resulting slice profile had
a full width at half maximum of 13 mm (F ig. 1c). A 7 mm
slice gap was maintained between adjacent slices. The
180° RF pulses were flanked by 4-ms gradient crusher
pulses in x, y, and z direction, the x and y components
being mT/m. The strength of the z-crusher was varied
between -9, -3, 3, 9, and -6 mT/m on subsequent
crusher pairs in order to suppress stimulated echoes (22)
and higher order spin-echoes. Each echo signal was in-
dividually phase encoded, by applying phase encoding
gradients after each 180° RF pulse and using rewinders to
minimize artifacts (23). A 128 ms echo was symmetri-
cally acquired using a spectral width of 2000 Hz. A 32 X
32 circular k-space sampling scheme was applied, using
a 24 X 24 cm field-of-view (FOV). Figure 1d shows sche-
matically how k-space was scanned by phase encoding
each of the spin-echoes. The particular scanning scheme
resulted in an effective echo time of 200 ms. During each
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FiG. 1.-a) Schematic diagram of multi-echo HSI puise sequence. The sequence combines CHESS water suppression and multiple-slice
outer volume suppression (OVS, see Fig. 1b) with a multi-spin-echo data acquisition sequence. Spin-echoes are generated and acquired
in intervals (acq) between 180° RF pulses at echo times TE1, TE2, . . .TEX. All of the RF pulses are slice-selective and select the same
axial slice. The 180° pulses are flanked by gradient crushers to suppress unwanted signal. Gradient phase encoding is performed in each
acquisition interval and phase encoding rewinders are used to minimize artifacts due to unwanted coherences. The complete sequence
acquires four spin-echoes and is repeated for each of the three slices studied. (b) Schematic diagram of the OVS pulse sequence. The
sequence suppresses water and lipid signals from octagonally grouped slices around the VOI, using eight slice-selective RF pulses (al1-a8).
The pulses are combined intwo groups of four. The first group suppresses slices left, right, anterior, and posterior with respect to the VOI
and is followed by a 6-ms gradient crusher. The second group of four pulses suppresses the diagonal oriented slices and is followed by
an 8-ms gradient crusher. The crushers have the specific orientation indicated in the diagram in order to minimize creation of coherences.
The amplitudes of the RF pulses are fine-tuned to compensate for T, relaxation. A defay is appended to minimize the effects of short-term
eddy currents on the spin-echo sequence. (c) The positions and profiles of the slices studied in the multi-spin-echo experiment, determined
by phantom measurements. Plotted for each echo and each slice is the signal intensity as a function of the distance in axial direction
(perpendicular to the slice).:All signals are scaled to unity in order to correct for signal losses due-to pulse angle imperfections and T»
relaxation. The similarity between profiles of subsequent echoes is shown in largely coincident plots. (d) Segmentation of k-space used in
the multi-spin-echo sequence. Each of the four segments is covered by the encoding of a particular'echo. The segments are numbered
according to the successive acquisition intervals.

experiment, data during one TR period was acquired  images, the VOI was selected and the OVS pulses were
without-phase encoding gradients in order to provide  positioned. Localized shimming was then performed
correction factors for signal losses due to T, relaxation  over the VOI and the RF amplifier output was adjusted
and to RF pulse angle and slice profile imperfections  using a single spin-echo sequence. The RF pulse ampli-
(data processing). Three slices were acquired within a  tude of the CHESS water suppression pulse was adjusted
total TR of 2700 ms, The total HSI measurement time was using the multi-echo sequence, by minimizing water sig-

9 min. . nals in the first echo (TE = 200 ms). Then the multi-echo
HSI experiment was started, and upon completion, a se-
Protocol ' ries of axial GRASS MR images was obtained with TE =

Before the HSI experiment, axial gradient-echo (GRASS) 30 ms, TR = 600 ms, using a slice thickness and location
images were obtained with TE = 30 ms, TR = 600 ms, to corresponding with the HSI images. The total measure-
locate the skull/brain interface. On the basis of these  ment time, including GRASS MRI scans, was 20 min. For
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comparison, a standard single-echo multi-slice acquisi-
tion (6) was performed on the same volunteer, with-TE =
272 ms and slightly modified amplitudes of CHESS and
OVS RF pulses. A TR of 2200 ms was chosen, resulting in
an amount of T, weighting similar as in the multi-echo
experiment. The total measurement time for the single-
echo HSI experiment was 27 min.

Data Processing

Data processing was performed off-line on a SUN-SPARC
workstation using IDL™ software (Research Systems
Inc., Boulder, CO). Each slice was processed separately.

For the multi-echo experiment, the four echoes of the
reference acquisition (acquired without phase encoding
gradients) were apodized with a 10% Hamming filter and
Fourier transformed, resulting in total volume spectra
from each of the four echoes. The magnitude signals of
the NAA resonance were used to calculate correction
factors for signal losses due to T, relaxation and imper-
fections in RF pulse angle and slice profiles. Signal losses
during each 180° RF pulse were in the order of a fow
percent, and the correction for the combined effects of
relaxation and RF pulse angle corresponded to an expo-
nential decay constant of 400 ms. The correction factors
were applied to data of the phase encoded experiment,
after which a 10% Hamming filter was applied in spec-
tral domain, and a radial cosine filter in the spatial do-
main (2D filter). The data matrix was then zero-filled
eight times in the spectral domain, and Fourier trans-
formed in all three dimensions. The resulting effective
in-plane spatial resolution was 1.3 cm, as calculated from
the 2D point spread function (PSF) (see F igs. 3a and 3c)
at half maximum height, and included effects of the cir-
cular k-space sampling scheme. Spectra were corrected
for B, inhomogeneities by referencing to the position of
NAA. In case of NAA being below an optional threshold,
its position was taken from neighbouring voxels. Metabo-
lite images of NAA, and choline + creatine were created
by integrating the spectra between 1.9 ppm and 2.1 ppm
and between 2.9 ppm and 3.3 ppm, respectively.

For the standard single-echo multi-slice experiment, a
cosine filter was applied in spectral domain, whereas the
spatial domain was filtered identicallyas the multi-echo
data set. Also peak-picking and integration were per-
formed in an identical fashion as with the multi-echo
data set. '

RESULTS

The results of the multi-echo multi-slice experiment are
summarized in Figs. 2a-2d, and spectroscopic images
obtained with the conventional single-echo multi-slice
experiment are shown in Fig. 2b.

Figure 2a shows, for each of the three slices studied,
the spectroscopic images of NAA and total choline +
total creatine, -together with the corresponding GRASS
images. Clearly recognizable in the two most inferior
slices (top rows) are the ventricular spaces. The bright
intensities in the NAA images are insufficiently sup-
pressed signals of lipid from the skull area, which occa-
sionally bleed into brain regions (e.g., slice 1). The bright
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intensities in the choline + creatine images from top and
bottom slices are caused by residual water signal.

Results of the single-echo multi-slice experiment are
presented in Fig. 2b. As can be seen from the GRASS
images, the subject was somewhat displaced in cranio-
caudal direction, resulting in a slice selected at a more
superior location. The metabolite images show a delin-
eation of anatomical details comparable to the multi-
echo images. There is clearly less lipid in the NAA im-
ages.

The SNR of the images of the multi-echo experiment
and the single echo experiment is comparable, and varies
between 15 and 20 for the NAA images and between 10
and 15 for choline + creatine images. The spectral qual-
ity of the multi-echo experiment is demonstrated in F ig.
2c, which shows an array of spectra extracted from a
region just left of the ventricles in slice 2. For compari-
son, an individual spectrum is taken from this array (sec-
ond from left in top row) and displayed in Fig. 2d, to-
gether with the corresponding spectrum of the single-
echo experiment (extracted from the same position in
image matrix).

DISCUSSION

The results presented above demonstrate the feasibility
of fast spectroscopic imaging using the multi-spin-echo
method: The resolution and SNR of the spectroscopic
images are comparable to those of conventional single
echo HSI images. Due to the reduced echo sampling
times, the spectral resolution is somewhat degraded.
Also the spectral SNR suffered some loss, especially in
areas with excellent B, homogeneity. This loss was not
reflected in the images because for both single- and
multi-echo experiments the same spectral integration
widths were used. Reducing this width for the single-
echo experiment would increase its sensitivity to suscep-
tibility effects, and cause signal loss in areas with poor B,
homogeneity. The multi-echo experiment is less sensitive
to susceptibility effects in the sense that there is less
variation in line width. In the following other aspects of
the multi-echo technique are discussed:

Number of Echoes

An important design choice in the multi-echo experi-
ment is the number of echoes. A larger number of echoes
gives a potentially higher efficiency. Because the total
acquisition time (echo duration X number of echoes) is
limited by T, an increased number of echoes is accom-
panied by a reduced echo duration. Reducing the echo
duration below T," (over the voxel), will lead to.a reduc-
tion in spectral resolution, and only a minimal increase
in efficiency. Therefore, the optimum number of echoes,
with respect to efficiency and spectral resolution, de-
pends on the ratio T,"/T,, and therefore on the By homo-
geneity. In the experiment described above we have ac-
quisition time = 128 ms T,” and T,"/T, < 0.5 for choline,
creatine and NAA. With four echoes, we are measuring at
close to the optimum efficiency. In regions of particularly
poor B, homogeneity the optimum efficiency will be
reached at a higher number of echaes.
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FIG. 2. GRASS MRIs and metabolite images from the multi-echo multi-stice HS! experiment and the conventional single-echo multi-slice

experiment. Each of the figures (a and b) displays three rows of images corresponding 10 subsequent stices (1, 2, 3) going from inferior
{o supetior through the brain. Each row shows GRASS MR! and NAA and choline + creatine metabolite images. (a) Multi-echo experiment;
(b) single-echo experiment. (€) Array of spectra, obtained with the multi-echo HSI experiment. The spectra were extracted from slice 2, from
a region left of the ventricles. Clearly distinguishable is the resonance of NAA and the overlapping resonances of choline and creatine. The
suppression of lipid and water signals in these spectra appears reasonable. (d) Comparison of spectral quality achieved with multi-echo
(top spectrum) and single-echo (bottom spectrum) experiments. A spectrum from the array of Fig. 2¢ (second spectrum from top row) is
compared with a spectrum, extracted from the same position in slice 2 of the single-echo experiment.

PSF. This is demonstrated in Figs. 3a and 3b which show
During initial tests of the multi-echo experiment on the PS.F for Fhe multl—ec}.l(? exPer1ment without (Flg.' 5a)
. . . o and with (Fig. 3b) a position independent phase distor-

phantoms artifacts were seen associated with {ransitions " ¢ 300, 1 d A hase di . th
in the signal phase going from one segment in k-space to 10m 0 _30 In order to minimize Paass istortions ' g

the next. Most of these artifacts could be explained by ecl‘lo signals, a delay of 6 ms was used betwe.en OVS an
eddy current induced residual gradients and B, shifts, spin-echo sequence. Furthermore, the amplitudes of.the
originating from CHESS and OVS gradient crushers, and crusher gradients after the 180° RF pulses were fine-
tuned to minimize net dephasing at the centers of the

resulting in an accumulated signal phase at the center of 41O . :
the first acquisition period. This additional phase is in- acquisition intervals. This was done once for a specific
verted in subsequent echoes, Jeading to the artifacts. For setting of timing variables (TR, delays after CHESS and

example a net accumulation of 30° phase in the interval ~ OVS, TEs) and gradient strengths (crushers, slice selec-
between the 90° RF pulse and the first acquisition inter- tion gradients). Remaining phase differences between
val, due to a By shift, leads to significant distortion of the achoes were negligible and caused no visible artifacts.

Phase Distortions

-

;
.é;
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FIG. 3. Simulated 2D PSF (absolute value) of the multi-echo HSI
experiment, after spatial apodization and corrected for effects of
circular k-space sampling. (b) Simulated 2D PSF (absolute value)
of the multi-echo HSI experiment (cf. Fig 2a), assuming 60° phase
alternation (+30,-30, ..) between subsequent echoes. (c) Simu-
lated one-dimensional profiles of the PSF for different correction
factors used for exponential decay over subsequent echoes. Plot-
ted are absolute signal values as a function of the radial distance
r. The decay time constant was 400 ms. Simultated are PSFs after
application of corrections equivalent to decay time constants of 50,
200, 400, and 800 ms.

T, Effects on Resolution

During data processing, each echo was multiplied by a
correction factor, to compensate for signal losses due to
T, relaxation and RF pulse imperfections. The correction
factor used in our experiments was determined by
measuring the NAA signal decay over the four echoes,
and corresponded to a T, of 400 ms. Reports have shown

that in normal brain T, relaxation times of choline, cre-
atine, and NAA vary between 200 and 400 ms (24, 25).

" Because k-space is scanned in a segmented fashion (Fig.

1d), inappropriate correction for T, relaxation effects
would result in distortion of the spatial PSF. This is dem-
onstrated in Fig. 3¢, which shows simulated 1D profiles
of the PSF for different actual T, values, but using a
single correction factor corresponding to a T, of 400 ms,
The PSF for T,’s between 200 and 800 ms is very similar,
and suggests the adequacy of a single correction factor for
choline, creatine, and NAA. In using this correction,
components of lipid resonances with short T, (T, < 50
ms, (26)) have a much broadened PSF with increased
sidelobe amplitudes (Fig. 3c).

Contamination by Lipid Signals

The multi-echo method showed an increased sensitivity
to contamination by lipid signals as compared with its
single echo counter part. Possible explanations are the
following. First, the component of lipid with the short T,
has a broadened spatial PSF, as discussed in the previous
section. Also, the short T, component of lipid is still
quite intense at TE’s around 200 ms, and has a larger
contribution to the spectrum than at TE = 272 ms. And
finally, the spectral PSF is broadened due to the reduced
echo duration. This increases the risk of contamination of
the NAA image by lipid signals because their resonances
are close together in the spectrum. Therefore, special
attention must be paid to the choice of the VOI, and the
positioning and adjustment of the OVS pulses.

Measurement of Lactate

The application of multi spin-echo spectroscopy de-
scribed in this work was not aimed at measuring lactate.
The lactate signal originates from a coupled methyl dou-
blet, with a phase varying with echo time. In order to
measure the doublet in phase, echo times have to be
multiples of 136 ms. For lactate to be measured without
localization errors, subsequent echo times have to be
separated by a multiple of 272 ms. An-experiment with
echo times of 136, 408, 680, and 952 ms could be feasible
because lactate has a T, of around 1200 ms (24). How-
ever, in the later echoes, the other metabolites of interest
will be attenuated significantly due to their much shorter
T, values, and will therefore have broadened PSFs.

In the experiment discussed above, the increased effi-
ciency of the multi-echo technique was used to reduce
the measurement time. Alternatively, the increased effi-
ciency could be used to create T, maps (by scanning all
of k-space with each echo), or to perform a full 3D ex-
periment. For example an experiment with 20 X 20 X 12
encoding steps (cylindrical k-space sampling) at TR = 2
s would take 30 min. Using a 20 X 20 X 12 cm FOV an
isotropic (nominal) resolution of 1 X 1 X 1 cm is
achieved. Both experiments are currently being devel-
oped.

CONCLUSION

The multi-slice multi-echo HSI technique discussed in
this paper demonstrated a threefold reduction in
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measurement time as compared with single echo HSL
Multiple slice HSI studies were performed within 20
min, including setup times. We presented metabolite i
ages of NAA and choline + creatine with 1.7 cc spatial
resolution and a SNR comparable with conventional HSI
techniques. The SNR and resolution of the spectra ob-
tained with the multi-echo experiment was somewhat
degraded, which was especially apparent in the overlap
of the choline and creatine resonances. Spectral peak-
fitting or time domain spectral fitting may alleviate this
problem.
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